P in different cerebral regions of the conscious rat was determined, independently of blood flow, for "C tracers of glycerol, mannitol, sucrose, and inulin. A tracer was injected intravenously, arterial plasma concentrations were monitored, and regional brain concentrations were measured at specific times thereafter.
A plasma-brain two-compartment model was used to calculate mean regional values of P, letting capillary area equal 240 cm"*g? P was Z-4 X 10+ cm * s-* for glycerol, 0.95-1.4 X lop7 for mannitol, 2.53,O x 10mH for sucrose, and 1.0-1.4 x IO-!) for inulin. Cerebrovascular permeability coefficients correspond to coefficients at single cell membranes and lipid bilayers, but are 1,000 times less than at muscle capillaries,
The relation between cerebrovascular prmeability and octanol/water partition suggests that saccharides diffuse into the brain through homogeneous endothelial cell membranes and not through capillary pores or by means of vesicles. ions and many water-soluble nonelectrolytes are restricted from the brain by a bloodbrain barrier. The barrier is located at cerebral blood vessels and is due to a continuous layer of endothelial cells that are connected by tight junctions that prevent intercellular diffusion (34, 35) . Furthermore, there is little vesicular activity in the endothelial cells to support transcellular transport.
Two methods that usually are employed to measure permeability or transport at the cerebral vasculature require independent estimates of cerebral blood flow (CBF). Each measures transfer from blood to brain of a test substance as compared to transfer of a reference substance. With the brain uptake index (BUI) method, radiotracer quantities of a test substance and of a "diffusible" reference such as 3H,0 or ["HIethanol are injected intracarotidly and the animal is decapitated 5-15 s later. Brain concentrations of the two tracers are raqe-d $0 rmrenhGens in #x2 injeetate (2, z-28). -With -the -indicator--dilution *zique, radiotracer quantities of a test substance and of an "indiffusible" tracer such as 22Na or Evans blue-albumin are injected into the carotid artery, and relative concentrations are monitored thereafier in venous effluent (5, 6, 34, 42).
Calculation of cerebrovascular permeability, P, from observations by either method requires knowing CBF. In addition, the assumption that uptake of the "diffusible" tracer in the BUI method is independent of blood flow probably is incorrect at low flow rates (33). In pathological states that alter CBF, if flow cannot be determined independently, neither method provides a correct value for P.
It therefore seemed important to develop a simple method to measure cerebrovascular permeability under conditions that are independent of CBF or of changes in CBF and, furthermore, to explore with this method lower limits of permeability of the cerebral vasculature. An abstract of this work has been published (25). The brain uptake index and indicator-dilution techniques do not provide values of P for nonelectrolytes as impermeable as L-glucose, sucrose, or inulin. Another method, which involves ventriculocisternal perfusion (31, 34), also is insufficiently sensitive to measure transfer of these substances.
METHODS
Male rats (Osborn-Mendel strain), weighing 350-450 g, were anesthetized with sodium pentobarbital (35 mg-kg-*, ip). Polyethylene catheters, filled with 100 IU sodium heparin and 0.009 g NaCl per milliliter of water, were tied into the lefi femoral artery and vein. The skin was sutured and infiltrated with 2% butacaine sulfate (Abbott, North Chicago, Ill.). The hindquarters of the animals were covered with surgical hose and then wrapped loosely in a fast-setting plaster bandage (Johnson and Johnson, New Brunswick, N.J.), with hindlimbs and catheters protruding. The bandage was tied down on a lead block, and the animals were allowed to recover from anesthesia for 4 h. Butacaine sulfate was applied periodically to the sutured skin. In their harness, the conscious rats could freely move their forequarters and head and neck, and appeared comfortable (L. Sokoloff, personal communication).
A sample of arterial blood was removed to determine hematocrit, after which 0.4-O-9 ml of 0.9% NaCl, containing a I"C radiotracer, was injected into the catheterized femoral vein. at specific intervals after tracer injection, according to the plasma half-life of the specific tracer. Just prior to decapitation, arterial blood samples were obtained, and 10 ~1 of whole blood (for calculating intravascular tracer in brain) and of plasma were placed in scintillation vials. Immediately following decapitation, the skull was opened and the brain was removed and placed on cold filter paper wetted with 0.9% NaCl. The dural and subarachnoidal vessels were carefully removed and discarded, after which the pituitary and pineal glands were removed and placed in preweighed scintillation vials which were reweighed.
The brain was hemisectioned at the midline and dissected into anatomic regions that also were placed in tared vials (3) . The caudate nucleus in the anterior horn of the lateral ventricle, and the hippocampus in the posterior-inferior horn were removed with a curved forceps. The hypothalamus and thalamus were then dissected away from the cerebral cortex and midbrain, using landmarks of the anterior commissure, massa intermedia, mamillary body, and internal capsule. The cerebellum subsequently was separated from brain stem, and midbrain and brain stem were separated at the le ,vel below the inferior collicu li. In L addition to sampling occipital and frontal cortical and subco rtical regions, which contained gray and white m atter, gray matter was separated from white matter in the temporal region and corpus callosum.
Reproducibility of the dissection procedure has been published (3) . Scintillation vials with plasma samples received 10 ml of (Packard Instrument Co., Downers Grove, Ill.), a liquid scintillation cocktail with a chemiluminescence inhibitor. Vials with tissue or blood samples received 1.5 ml of Soluene 100 (Packard), were shaken for up to 6 h in a water bath at 6O"C, and then received 15 ml of Dimilume.
Counting was performed with a Packard Tricarb liquid scintillation spectrometer (model 2405), and cpm was converted to dpm using external standardization and a predetermined efflciency curve. .8 mCi/ mmol). The molecular weight of inulin was reported to be 5,000-5,500 daltons, with 98% purity, whereas purities of the other tracers exceeded 99%.
Samples of tracers that were injected intravenously as well as samples of plasma that were obtained 40-60 min following intravenous injection of lo-100 &i of tracer, were prepared for thin-layer chromatography (43). The protein in plasma first was precipitated with perchloric acid or absolute ethanol (l&l, ~ol/vol). Material was spotted on cellulose plates (MN 300, 250 pm thick; Analtech, Newark, Del.) and developed by thinlayer chromatography together with unlabeled carrier in a mixture of isobutyric acid, NHs, and water (66:1:33, vol/vol). The plates were scanned for radioactivity (Packard radiochromatograph scanner, model 7201). It was found that each tracer solution as injected gave a single radioactive peak, as reported by New England Nuclear. The peaks of [W]glycerol,
[W]mannitol, and [Wlsucrose were sharp, but that of [Wlinulin was broad because, probably, the injectate contained a spectrum of molecular weights (see above).
THEORY
Consider a two-compartment system in which the plasma is compartment 1 and the brain compartment 2. Let A = capillary surface area per g of brain (cm". g-l) P = permeability coefficient of a substance per cm2 of capillary surface (cm. s-l) C 1 = tracer concentration in plasma (dpmlml) C 2 = concentration in brain parenchyma (dpmlg) V e = the volume fraction of brain into which the solute distributes; in the absence of solute binding to brain tissue, V, 5 1
Following its intravenous injection, the tracer disappears from plasma into extravascular spaces. Its plasma concentration is a time-dependent, multiexponential process in which kl, k2 . l l ki are rate coefflcients, Al, A2 . . . Ai are constants, and t = time
Following an intravenous per gram of brain is given as injection, tracer uptake
C,/V, is the estimated concentration that contributes to the driving force for diffusion from brain to blood. Diffusion of tracer into brain is independent of CBF when PA K CBF, a condition that is satisfied by substances employed in this study (see DISCUSSION).
Equations I and 2 can be combined to give PA dC,ldt + r c,
The solution of Eq. 3 gives C2 at any time as a function of PA and Ve (l), where PA, which is in units of cm3 l s-l . g-l, reduces to units of s-l because brain specific gravity approximates 1 (34) 
RESULTS
Regional bZood uol umes . Parenchymal brain concentration C, is defined as dpm/g tissue minus dpm within residual blood. Residual blood volume was taken as the [ '~Clsucrose space, (dpm/g brain)/ (dpm/ml whole blood), immediately after intravenous [ l"C]sucrose injection. It was calculated from 5-min and 50-min experiments with iv [l-'Clsucrose by a reiterative procedure. First, the mean 5-min [lAC]sucrose space (n = 4) was used as an estimate of blood volume to obtain C, and therefore PA from 50-min experiments by means of Eq. 6 (see below). PA was inserted into Eq. 6 to obtain an estimate of Cz in the 5-min experiments, and therefore a new estimate of regional blood volume. The latter value was employed again for the 50.min experiments until repeated estimates of intravascular volume (corrected 5-min [14C]sucrose space) differed by less than 2%. Table 1 presents regional blood volumes for different brain regions with an intact barrier, and uncorrected 5-min [l"C3sucrose spaces in the pineal and pituitary glands. The spaces in these two nonbarrier regions approximated 25%, as previously found for the pituitary gland (40), due to rapid entry of tracer into the extracellular compartment. The spaces in the remaining barrier regions were between 1.1% and 3.5%, as expected for tissues composed of gray and white matters (11).
Cerebrovascular permeability. About 10 &i of [ lJ Clinulin, 5 &i of [ldC]sucrose, 2 &i of [l-'C]mannitol, or 1 &i of [laC]glycerol was injected intravenously into rats. Plasma concentrations were monitored and the animals were killed at different times atier injection. Eight to nine rats were studied with each tracer. Figure 1 presents results of an experiment in which a rat was killed 20 min atier a [ ljC]mannitol injection. The plasma concentration could be represented by the multiexponential curve given by Eq. 1, with the constants that are designated in Fig. 1 . Brain concentration C, was obtained afier subtracting the blood contribution, equal to the product of regional blood volume (Table 1 ) and dpm/ml of whole blood.
For each of the four tracers, Eq. 1 was fit to the observed plasma concentration, as illustrated in Fig. 1 , by a nonlinear, iterative least-squares process that employed the MLAB program on a PDP-10 computer (16). Typical plasma curves are illustrated in Fig. 2 . The figure also depicts time-dependent concentration curves for the occipital cortex, which were calculated by Eq. 4 from mean values of PA and V, in Tables 2-5  (see below) and from the specific plasma curves.
The arrows in Fig. 2 point to each of three sampling times for a specific tracer, when at least three animals were killed for brain analysis. A sampling time was chosen sufficiently early atier injection so that the plasma/brain concentration ratio, (dpmlml plasma)/ (dpm/g brain), exceeded 10. This condition allowed estimation of cerebrovascular permeability by EQ. 6 without further computer analysis (see below).
Tables 2-5 list values of PA and V, that were obtained by computer fittings of Eqs. 1 and 4 to plasma and brain concentrations. Pineal and pituitary gland data could not be fit satisfactorily by Eq. 4, due to very rapid entry of tracer into those tissues, and are not considered in the tables.
It was found by initial computer fitting that V, for [14Clinulin exceeded 1. However, as inulin is not known to bind to brain tissue produced a single radioactive species in the injectate but not in plasma 40 min after injection, when a small peak was present that did not migrate like glycerol and was equal to less than 5% of the [Wlglycerol peak. Glycerol, unlike mannitol, sucrose, or inulin is metabolized at a finite rate by the body (15, 24, 37).
Regional permeability coefficients P were calculated for each tracer by dividing the estimates of PA in Tables 2-5 by estimated capillary surface area, A = 240 20 cm2 l g-' (5, 11, 41). The resultant permeability coefficients, which are presented in Table 6 , did not differ from region to region for a specific tracer. Slight -di%renca might -be e~p&s~, -hwE%er, -due -SC J.wying quantities of gray and white matter in each tissue sample, as A in white matter may be about one-half of A in gray (41).
In deriving Eq. 4, C,/V, was taken as the intracerebra1 tracer concentration that contributes to back diffusion from brain to plasma. This assumption is most critical at later times of sampling, when brain concentration has risen sufficiently so that C,/V, is not negligible. At early sampling times, when C, < C1, this assumption is unimportant and the actual intracelluiaF-'extr'aceiitiiar diWibutio+n 0f tracer-dr~icire~pussiiriliiy----.-a of intracerebral metabolic incorporation (relevant to [14C]glycerol data) can be neglected. Equation 6 then can be used in place of Eq. 4 to calculate tracer permeability.
Such an analysis was performed for each of the tracers, when rats were killed 3 min after injection of [Wlglycerol, 20 min afier ['4C]mannitol, 50 min atier [Wlsucrose, and 180 min afier [Wlinulin (Fig. 2) . Integrals of plots of C, against time were determined with a compensating polar planimeter (Keuffel & Esser, Morristown, N.J.) and, together with Cz, were inserted into Eq. 6 to obtain mean regional PA for each tracer. The means then were divided by estimated capillary surface area (see above and the mean values of P that are listed in Table 7 . These coefficients differ from those in Table 6 by at most a factor of 2, which thus demonstrates that the assumption that C,/V, represents the driving force for back diffusion from brain (Eq 2) is valid under the experimental conditions, even for the somewhat metabolizable [ '"Clglycerol. According to theories of diffusion through cell membranes, there should be a linear relation between PM"' (M = mol wt) and octanol/water partition coefficient if diffusion occurs through a homogeneous, nonporous (Tables  2-5 ) when A = 240 cm2.g-' membrane phase (9, 10, 20, 34). Figure 3 demonstrates such an approximate linear relation at the cerebral vasculature, where mean permeabilities, as derived both by Eq . 4 (filled circles) and Eq. 6 (open circles) are related to published lipid solubilities and molecular weights of sucrose, mannitol, and glycerol (17). Data for inulin are not included in Fig. 3 3. Relation of PM1'2 to lipid solubifity for 3 nonelectrolytes+ M is molecular weight; P is mean permeability for all cerebral regions, as given in Table 6 and derived by Eq. 4 (filled uir&s), or as given in Table 7 As long as solutes not more permeable than glycerol (PA < lo-" s0 are studied, measured permeability coefficients will not be affected by changes in CBF. The quantity of solute that diffuses per second into 1 g of brain and remains in the tissue is less than the product of PA and arterial concentration, Cy (Eq. 2). It equals the amount extracted.
If C:' = venous concentration, then the following relation obtains (CBF)(C; -C;) 5 PAC;
For PA = 10P s-l and CBF = 1 cm:' l s-l l g-l (ll), by Eq. 7 the arterial-venous concentration difference approximates 0.1% of Cy . Even a five-fold change in CBF will not significantly affect the assumption that the arterial plasma concentration is the driving force for blood to brain diffusion (Eq. Z), and that diffusion and not CBF determines capillary transfer.
The Whereas P is about 0.93 x 10Bg cm* s-' for inulin and equals 2 x lO+ cm. s-l for sucrose at the cerebral vasculature, at muscle capillaries P is 5 x 10B6 cm l s-l for inulin and 5 x lo-" cm. s-l for sucrose (29 26-28, 30, 31, 34, 42) . Prior to the experiments of this paper, cerebrovascular permeability to inulin has not been measured.
The permeability coefficients of sucrose and mannitol, 2.8 x lo-# and 1 x 1OL7 cm l s-l, respectively (Table 61 , are about one-tenth previously reported permeabilities, which are 1.2 x 10e7 and 1.2 X lo-" crnss-I, respectively (6, 7, 18). The mannitol permeability in Table 6 is, however, approximately equal to reported hexose permeability at lipid bilayers, 0.2 to 2 x lop7 cm+s-l (34). Cerebrovascular permeability to glycerol, equal to between 2 and 4.6 x 1OF cm-s-' (Tables 6 and 7) , agrees with values of 1.6 to 2.1 x lOA6 cm's& as found by the indicator-dilution technique (6, 34, 42), agrees with a value of 5.8 x lo-" cm. s-l at the human red cell membrane (23) and of 4.6 x 10m6 cm*s-' at a lipid bilayer, but is greater than 2.1 x lop7 cm* s-* at the membrane of the plant cell, Chara (4). On the basis of osmotic studies, Fenstermacher and Johnson (13) concluded that pores with an 8-A radius exist at the cerebral vasculature for nonelectrolyte diffusion.
However, our findings that the cerebrovasculature has a very low permeability to water-soluble nonelectrolytes, comparable to permeabilities at cell membranes and aporous lipid bilayers, do not support a pore mechanism for nonelectrolyte diffusion (9, 10, 20). The approximate linear relation between PMl'* and octanol/water partition ( Fig. 3) 
